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Abstract:
Dehydration of crystalline solids is a widespread phe-
nomenon, yet the fundamental mechanisms by which dehydra-
tion occurs is not properly understood. This arises due to tech-
nical limitations in studying such fast processes with sufficient
sensitivity, nevertheless understanding dehydration pathways is
critical for designing optimal properties for materials, particu-
larly in the case of pharmaceutical solids. The computational
methods presented here allow for accurate determination of
the dehydrated species’ crystal structure and to develop an un-
derstanding of the mechanism of dehydration at the molecular
level. This work also highlights the critical role of explicitly tak-
ing into account the dynamical aspect of molecules using com-
putational techniques, rather than relying on static energy min-
imization approaches. Specifically, the crystalline active phar-
maceutical agent naproxen sodium, and its hydrates, is studied
in silico using density functional theory and molecular dynam-
ics, ultimately elucidating the face-specific dehydration mech-
anisms and revealing highly complex diffusion and nucleation
behaviour. Additionally, the results indicate that the method is
a viable way to explore dehydration pathways and predict new
dehydrated crystal structures.
Hygroscopicity and water-solid interaction of crystalline
solids represent a critical aspect of material engineering,
given that the ability of a solid to absorb or release wa-
ter dictate a vast amount of potential applications.1 This
is especially important for pharmaceutical crystals, where
the formation of hydrates and solvates can directly impact
bulk characteristics such as drug solubility and stability.2–4
Specifically, the dehydration process has attracted a great
deal of attention since it is of key importance to storage and
processability. While experiments have provided kinetic and
thermodynamic insight into dehydration at the macroscopic
level, a full understanding of dehydration mechanisms at the
molecular level is still lacking. A common technique for in-
vestigating dehydration mechanisms is through the detailed
comparison of the X-ray crystal structures of the hydrate
and dehydrated species. Unfortunately, this often leads to
inconclusive results, especially when the crystal forms have
very different structures. Different mechanistic descriptions
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of dehydration such as nucleation and growth, 1D/2D/3D
diffusion has lead to the development of kinetic models,
which are usually empirically fitted to experimental data
such as thermal gravimetric analysis (TGA) data. Again,
the results are often not suitable to discriminate between
different dehydration models since many of them fit the data
equally well.5,6
Theoretical techniques can be used to obtain a great
deal of insight into the energetics and related properties of
crystalline materials.7–10 Common density functional theory
(DFT) simulations are not the most suitable computational
approach to effectively probe the mechanistic aspect of hy-
dration, as they typically can only be used to determine the
energies of the lowest energy structures. However, it has
been shown that DFT can be used in certain cases where
the structural changes associated with the dehydration are
relatively small. In one such case it was shown that the
dehydration process can be approximated by performing a
simple energy minimization of the hydrate crystal structure
with the water molecules deleted.11 It is important to note
that, whilst such a method can ultimately predict the cor-
rect structure of the dehydrated species, it provides no in-
formation related to the actual mechanism of dehydration.
Moreover, since the process of dehydration is significantly
dependent on thermal energy it is likely that the dynamics
are critical, not just for forcing the water molecules out of
the crystal but also for the structural change. Understand-
ing the pathway between hydrates and dehydrated products
is therefore critical to gain molecular level insight into dehy-
dration.
Figure 1. The two experimental unit cells of sodium naproxen
hydrates. Panel (a) shows the triclinic P1 DH-I structure, while
(b) shows the monoclinic P21 structure.
1
In this work, we investigate the dehydration of naproxen
sodium, a common nonsteroidal anti-inflammatory drug that
has been extensively studied using a large number of experi-
mental and theoretical techniques (Figure 1).12–14 The many
detailed studies on the static structures of naproxen sodium
hydrates, coupled with the lack of an appropriate molecular
mechanism of dehydration, make this a good model system
for understanding such processes in hydrates of salt com-
pounds.15–17 Three different computational approaches are
used, the first is a straightforward minimization of the struc-
ture using DFT, while the second and third use molecular
dynamics (MD)18–21 to elucidate the importance of dynam-
ics to the dehydration mechanism. The crystal structures
of the dihydrate form I (DH-I) and the monohydrate (MH)
form of sodium naproxen have been solved previously22,23
and are presented in Figure 1. Experimental dehydration
of DH-I occurs at temperatures above 298 K and results in
the MH structure. At higher temperatures, DH-I dehydrates
directly to the anhydrate, but this processes is believed to
progress via formation of the monohydrate, as evidenced by
a step-wise water loss in the TGA data.24
Initially the naproxen crystal structures were optimised
via fully-periodic DFT simulations with the CRYSTAL14
quantum mechanical software package25 coupled with
the triple-zeta 6-311G(2d,2p) basis set26 and the D3-
corrected27,28 Perdew-Burke-Ernzerhof29 (PBE) functional.
The initial atomic coordinates were taken from the exper-
imental structure. The energy minimization resulted in
average errors on the unit cell of 1.32 % for the DH-I and
1.43 % for the MH compared to the experimental structures,
more details about the energy minimization is available in
the SI.
Six models of a dehydrated unit cell were prepared by
deleting two out of four water molecules in the energy min-
imised DH-I unit cell. The six structures were fully opti-
mized without any symmetry constraints. The resulting de-
hydrated unit cells all yielded distorted unit cells compared
with the experimental MH structure (see Table 1), with none
of the dehydration models transforming to a P21 monoclinic
system. In none of the six models did the remaining DH-I
hydrogen bonds change to having hydrogen bonds between
carboxylate groups and water molecules along the b-axis like
in the MH. All the six dehydration models have energies sub-
stantially higher than the optimised MH structure and fall
in the range of 23.10 to 50.93 kJ mol−1 relative to the MH
energy. The unit cell of model 3 looks deceptively close the
MH structure but the water molecules have not moved sig-
nificantly resulting in a hole in the structure and thus the
high energy.
Table 1. DFT optimized lattice parameters of DH-I, MH, and the
six dehydrated DH-I structures. The relative energies of the monohy-
drate structures (in relation to the experimentally observed structure)
are provided.
Structure A B C α β γ ∆E
(Å) (Å) (Å) (deg) (deg) (deg) (kJ mol−1)
DH-I exp 22.81 5.81 5.43 89.53 85.53 92.61
DH-I 21.90 5.75 5.36 88.71 86.38 93.26
MH exp 21.78 5.79 5.44 90.00 91.41 90.00
MH 20.96 5.66 5.38 90.00 91.10 90.00 0.0
Model 1 23.22 5.64 5.01 84.90 85.87 93.20 50.93
Model 2 21.68 5.55 5.25 95.81 89.10 88.03 23.10
Model 3 22.27 5.70 4.95 90.82 91.20 90.61 39.12
Model 4 22.67 5.74 4.86 88.84 89.73 90.65 46.47
Model 5 22.27 5.45 5.30 88.51 87.09 93.19 42.77
Model 6 21.84 5.64 5.10 89.51 90.19 89.61 31.83
The inability of static DFT energy minimizations to ac-
curately predict the correct monohydrate structure, even
though the structural differences between DH-I and MH are
on a similar magnitude to those of the morphinanes studied
by Braun et al.,11 highlights the importance of the dynam-
ical nature of solid state structures in this system. Two
approaches to explore the dehydration process based on MD
simulations were therefore investigated. The first method
involved the random removal of water molecules at regu-
lar intervals of 200 ps from a fully periodic supercell of the
DH-I structure until half of the water molecules were fully
removed. The second method consisted of modelling a pe-
riodic slab, with a corresponding vacuum region above the
surface, which allows for the physical diffusion of the wa-
ter molecules. The vacuum region was added to three faces
of the crystal, face A with miller index (±100), face B with
Miller index (0±10) and face C with Miller index (00±1),
which were judged to be the most important to dehydration
based on a Bravais, Friedel, Donnay and Harker30 morphol-
ogy calculation. The MD simulations were performed using
the GROMACS 5.1.1 software package31 together with the
CHARMM General Force Field (CGenFF).32,33 More infor-
mation about the computational setup is described in the
SI.
Figure 2. (A) Change in supercell angles during dehydration
using the random removal of water from a 3D-periodic model. (B)
water loss during dehydration within the slab/vacuum model.
The first MD dehydration method resulted in a structure
in which the DH-I supercell angles resembled those of the
MH at 30 ns simulation time, Figure 2a. For the first 5 ns
the removal of water molecules did not significantly disrupt
the integrity of the hydrogen bond network, but between 10-
20 ns the hydrogen bond network breaks down and the wa-
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ter/sodium region becomes severely disordered. After 20 ns,
features of the MH structure can be observed and around
30 ns the system has fully relaxed into the MH structure.
During the simulation the α and γ angles both transformed
until they reached 90◦ while the β angle changed to an av-
erage value of 92.2◦. The smooth change of the super cell
angles suggest that no stable intermediate structure exists
between the DH-I and the MH. By energy minimising the
dehydrated system with the force field, the unit cell and
space group P21 was detected, which indicates a triclinic
(P1) to monoclinic (P21) transformation. The ability of the
force field to model the DH-I and MH was checked by com-
paring the simulated unit cells with the experimental cell
parameters. The DH-I has a average error on the unit cell
of 0.83 % and the MH errors of 1.25 %, which is in excellent
agreement with both the experiment and the static-DFT ge-
ometry minimizations.
While the periodic removal of water molecules from a su-
percell did result in the correct MH structure, such simula-
tions are a poor representation of the real physical mech-
anism given that water molecules will naturally diffuse
through the crystal to the external environment rather than
disappear in discrete steps. In order to get a more physi-
cal picture, the second method of MD dehydration was per-
formed, which involved the simulation of a solid separated
from an adjacent vacuum region. Dehydration was observed
from the face B and C crystal surface during the 400 ns of
simulation time (see Figure 2b), while face A did not expe-
rience any water loss, see SI Figure S2. For face C, the loss
of water occurred at a constant rate until around 160 ns, at
which point the partially dehydrated surface layers became
significantly disordered while the DH-I structure remained
intact deeper inside the crystal (Figure 3a). At 160 ns the hy-
drogen bonding network of the bulk crystal broke down and
an increase in the rate of water loss was observed. The struc-
ture exhibited highly disordered surface layers with trapped
water molecules in the bulk, yet the MH structure clearly
emerges, (see Figure 3b). Trapped water molecules could
indicate that the dehydration stops from face C after the
top layers transform to the MH structure. Like face C, the
dehydration from face B initially commenced at a constant
rate with water molecules originating from the surface lay-
ers emerging from the crystal face until 50 ns (Figure 2b).
At this point the bulk of the crystal started to dehydrate.
Unlike in the case of face C, the water/sodium layers of face
B did not dehydrate at the same time and this resulted in
the variability in the loss of water. Since the disordered sur-
face layers were anhydrous the ratio of water to naproxen
decreased below 1.0. The dehydrated structure was char-
acterised by severely disordered surface regions in addition
to 7-8 well formed layers of monohydrate (Figure 3a). The
full visualisation including the disordered surface regions is
available in the SI (Figure S3).
The results of the simulations clearly show that water
molecules readily leave the crystal through faces B and
C, while no water molecules can be observed crossing the
ordered hydrophobic layers of naproxen molecules of face
A. The water molecules undergo 2D diffusion in the wa-
ter/sodium channels of the ordered hydrate, but this view is
further complicated by the rate of water loss from the two
surfaces differing significantly. The fact that a stable MH
structure is found means that the simulation predicts the
MH to be more resistant to thermal dehydration compared
with the DH-I, which is in good agreement with previous
Figure 3. An interior volume of naproxen sodium before and
after dehydration with corresponding unit cells superimposed.
(A) Left: simulation of face B at 0 ns, Right: simulation at 400 ns.
(B) Left: simulation of face C at 0 ns, Right: simulation at 400 ns.
experimental work.24
The four different water molecules of the DH-I unit cell
were tracked during the dehydration simulation (Figure 2b).
Neither crystal face showed significant differences in dehy-
dration rates between the four respective water molecules,
except for the beginning of the simulation for face B where
water type 3/4 are more likely to leave the crystal suggesting
that 3/4 dehydrate easier from the surface layers than type
1/2. Figure 4 shows the displacement of water molecules at
400 ns from their initial position. It can be concluded that
almost all of the water molecules experience diffusion dur-
ing the dehydration and that the final water molecules in
the MH unit cell is rarely from the corresponding DH-I unit
cell.
Figure 4. Magnitude of total displacement of water molecules
at t = 400 ns of the dehydration simulation relative to their initial
position at t = 0.
The analysis of the dehydration process based on using
DFT energy minimizations alone failed to produce the de-
sired MH unit cell. We therefore assume that in the case of
sodium naproxen the transformation between the DH-I and
MH forms involves a far more rugged energy landscape with
moderate barriers and local minima. In such a scenario it
would not be surprising that simple energy minimization is
an insufficient technique to derive the structure of the molec-
ular crystal following dehydration, even for a simple system.
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By explicitly including the dynamics and temperature by
means of MD simulations it is possible to overcome the lim-
itations of the DFT approach and successfully cross the en-
ergy barriers between the DH-I and MH phases. The sys-
tem undergoes a transient highly disordered state during the
dehydration before it eventually relaxes into the MH form.
Interestingly, the disorder is initially spatially confined to
a random region of the supercell and quickly spreads to the
whole system, which suggests that the process is a first order
phase transition taking place by nucleation. The dynamics
of the disordered state help the water molecules, ions and
naproxen molecules to navigate the energy landscape con-
necting the DH-I and MH forms. In the pure DH-I move-
ment of the molecules is restricted by the tight packing of
the crystal while during dehydration the disorder allows for
a wider sampling of angles, torsions and conformations.
By simulating the system using a surface and a vacuum
region it was possible to resolve the complex dehydration
behaviour in far greater detail. Our results can be in-
terpreted that, at the molecular level, the dehydration of
sodium naproxen DH-I does not follow any of the simple
models of dehydration but can be considered a mix of diffu-
sion and nucleation events.
The MD simulations indicate that the experimentally ob-
served macroscopic water loss profile constitutes the average
of many different microscopic dehydration rates that origi-
nate from different regions of the crystal. Additionally, the
rate of dehydration from each crystal face varies with time,
which means that obtaining mechanistic explanations from
experimental data will be difficult. It is hence not surprising
that simple fitting of the experimental macroscopic dehydra-
tion data, which is typically measured from polycrystalline
samples spanning a range in particle size, against any of the
available kinetic models leads to inconclusive results. In-
stead it would be more sensible to measure the face-specific
dehydration from each face of a single crystal before fitting
the data to any model, yet this is technically too challenging
to achieve at present to the best of our knowledge.
Another interesting result is that using the MD simulation
it was possible to successfully predict the MH structure from
the DH-I structure alone. This result also highlights the po-
tential for using MD simulations in the context of crystal
structure prediction of hydrate forms. Clearly further work
will be required to establish the general applicability and
limitations of the method to explore new dehydration path-
ways.
By comparing DFT energy minimizations and MD simu-
lations we were able to highlight the important role of the
molecular dynamics and temperature in dehydration pro-
cesses for organic molecular crystals. Whilst it was previ-
ously demonstrated how the minimization method can be
used for such applications our results highlight some of the
limitations of this approach in that the numerical method
can get stuck in local energy minima. In contrast, we found
that using the MD method the experimentally observed MH
structure was correctly predicted.
Including a vacuum region in the MD simulation makes
it possible to simulate a physically plausible diffusion pro-
cess associated with the dehydration process. Whilst we
fully acknowledge that, in the absence of unequivocal exper-
imental observations, this molecular mechanism may not be
the definitive mass transport process it nonetheless seems
to provide a plausible mechanistic route. Here, the water
molecules of the DH-I form were observed to diffuse along
the water channels of the crystal hydrate into the vacuum
region. The mass transport was followed by a crystal trans-
form to the experimental MH structure. While it would be
natural to extend the MD simulations by dehydrating the
MH to the anhydrate, this mechanism involves the global
rearrangement of naproxen molecules, requiring significantly
longer time scales and possibly the explicit inclusion of nu-
cleation sites, which would require additional method de-
velopment. Additionally, this technique can be further de-
veloped to elucidate the role of the humidity in dehydration
processes, by explicitly including water molecules in the vac-
uum region and varying the temperature, also yielding in-
formation related to the hydration mechanisms in molecular
crystals.
We conclude that the dehydration of DH-I is a compli-
cated mix of 2D diffusion and nucleation events which re-
sults in complicated dehydration profiles for single crystals
of naproxen sodium. This means that the experimental data
must be regarded as the average of many different dehy-
dration rates that occur concomitantly over many surfaces.
Given the polycrystalline nature of naproxen sodium DH-I in
any technical applications, which additionally is complicated
by various length scales of porosity when analysing a bulk
sample, it is clear that there is little resemblance between
the dehydration rates predicted at the molecular level when
compared to the macroscopic measurement. In turn this
means that the mechanistic analysis of dehydration based
on such macroscopic observations is intrinsically limited. It
is of critical importance to be mindful of this fundamental
limitation when analysing experimental data with a view to
exploring the molecular mechanism.
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Synopsis
The dehydration of naproxen sodium dihydrate was investi-
gated at the molecular level using the molecular dynamics
based simulation. The partial dehydration of this dihydrate
into the correct, experimentally reported, monohydrate was
observed and the results indicate that the energy landscape
crossed during this dehydration process is highly rugged. It
was further observed that the computational dehydration
rates at different faces of the crystal were not identical and
indicated the complexity of the involved diffusion and nucle-
ation processes.
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